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I3RC phase 1 results from the MYSTIC Monte Carlo model
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Abstract. This article providesa completedescriptionof the radiative transfer
modelusedin theI3RC (Intercomparisonof 3D RadiationCodes)campaign.The
MYSTIC modelis a forwardphotontracingmethodwhich solvestheequationof
radiativetransferfor thespecifiedconditionswithoutany simplifying assumptions,
simulatingthe involvedphysicsascloselyaspossible.Themethodologyusedto
calculatetherequestedparametersis describedin detail,andsomesampleresults
arepresented.

1. Model description

TheMonteCarlomodelusedfor thisstudy(MYSTIC1) is
a forwardphotontracingmethod,similar to thosedescribed
by Cahalan et al. [1994] andO’Hirok and Gautier [1998].
In additionto three-dimensionalatmospheres,it allows the
realistictreatmentof inhomogeneoussurfacealbedoandto-
pography, seee.g. Kylling et al. [1999]. The modelatmo-
sphereconsistsof a1D backgroundof moleculesandaerosol

1MYSTIC: Montecarlocodefor thephYSicallycorrectTracingof pho-
tonsIn Cloudyatmospheres.
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Figure 1. A simpleexampleof theatmosphereusedasinput
to theMYSTIC model(2D crosssectionof a3D geometry).
Rayleighandaerosolscatteringaswell asmolecularabsorp-
tion aredescribedby the 1D backgroundatmosphere.Em-
beddedare threelayersof clouds,over somemountainous
terrain.

particlesanda3D grid of cloudcells.SeeFigure1 for asim-
pleexample.

A schematicdiagramof the algorithmis shown in Fig-
ure2. Theinvolvedphysicsis simulatedascloselyaspossi-
bleon thebasisof theinputatmosphere,withoutany further
simplifying assumptions.All processesinvolving random
numbersaremarked with a double-frame.The r250 algo-
rithm of Kirkpatrick and Stoll [1981]waschosenasrandom
numbergenerator. Photonsstartat thetopof theatmosphere
(TOA) andtravel from onescatteringeventto thenext where
thelengthof eachpathsegmentis determinedby thescatter-
ing coefficient,

�������
, and the direction( � , � ) by the phase

function 	�
��
� . At the startandafter eachscatteringevent,
thephotonis assignedanopticaldepth ��������� which it trav-
elsbeforethenext scattering.Theprobability	 thataphoton
is traveling theopticaldepth ��� ����� without beingscattered
is givenby Lambert-Beer’s law, 	���������
! "��� ����� � . Using
the cumulative probility function, #$
����%�'&)(* 	�
��,+-�!./�,+0�1  2�����3
! 4��� , thelengthof anindividualpathsegment��� �����
is calculatedaccordingto���5�����2�6 %7984: (1)

where : is a randomnumberbetween0 and1. This path
segmentis thentranslatedfrom opticaldepthspaceto physi-
cal space,by integratingthescatteringcoeffcient

�������
along

the photonpaththroughasmany grid boxesuntil ��� ����� is
reached. Here, periodic boundarieswere applied; that is,
photonsleaving themodeldomainat oneside,re-enteredit
at theoppositeside.

At the endof eachstep– if the photonhasnot reached
theEarth’ssurfaceor left at TOA – a new directionis deter-
minedaccordingto the scatteringpropertiesat the new lo-
cation.Scatteringby molecules,aerosolparticles,andcloud
dropletsis treatedseparately, assumingthe Rayleighphase
function for molecularscattering,the Henyey-Greenstein
(HG) phasefunctionfor aerosolscattering,anda HG or ar-
bitraryphasefunctionfor cloudscattering.For theRayleigh
andHG phasefunctions,	<; ��=�> ?�@ ACB 
��D� and 	�EGF4
��
� , thenew
directionis calculatedanalyticallyby evaluatingthe cumu-
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Figure 2. Schematicoverview of theMYSTIC model. The
double-framedboxesincludea randomnumbergeneration
process.

lativeprobabilityfunctions,# ; ��=�> ?�@ ACB 
��D� and # EGF 
��D� :	 ; ��=�> ?�@ AHB 
I�D�J� KLNM 1PO�Q�R
SHT �
U (2)	�EGFV
I�D�J� 1  XW T
 1PO W T  ZY[W Q�RDS �D�]\^ (3)

wheretheasymmetryparameterW is typically about0.85for
waterclouds.Integratingthesephasefunctionsover � to get
the cumulative probability functions,andsolving themfor
thescatteringangle� yieldsQ�R
S �[; ��=�> ?�@ ACB �`_a cbd (4)e4fhgCi _j� \k  Vl O`m 1PO l Tn 8�oplq� L :0 ZY
for theRayleighscatteringangle� ; ��=�> ?�@ AHB andQ�RDS � EGF � 1YrW s 1PO W T  �t W T  1Y[Wu:2 XWp 1�v Txw (5)

for theHG scatteringangle � EGF , where : is a randomnum-
berbetween0 and1. OtherphasefunctionsliketheC1phase
functionusedfor I3RC,which aredefinedat discretepoints
ratherthananalytically, arehandledfollowing the sugges-
tion of Barkstrom [1995]: atableof thecumulativeprobabil-
ity distribution is calculatedfrom themomentsof thephase
functionat100,000discrete,equidistantvaluesof yN� Q�RDS � .
TheC1phasefunctionin I3RCwasparameterizedby its first
300Legendrecoefficients.Theazimuthangle � is assigned
a randomnumberbetween0 and Y]z , relative to a random
direction. This processis repeateduntil a photonreaches
the groundor leaves the atmospherethroughTOA. At the
surface,thephotonis reflectedinto a randomdirection(as-
sumingLambertianreflection)with a probability given by
thesurfacealbedo{"| . Absorptionis treatedseparatelyafter
thephotonfinishedits path:for eachstepbetweentwo scat-
tering events,the absorptioncoefficient,

� �C}~�
, is integrated

over the respective pathsegmentto yield the total absorp-
tion optical depth, � �H}�� alongthe photonpath. At the end
of its paththroughtheatmosphere,eachphotonis weighted
with the Lambert-Beerfactor, ������
! 4� �H}�� � . Finally, the ir-
radianceis theratio of thesumof theLambert-Beerfactors
of eachphotonreachingthesurfaceandthenumberof pho-
tonsincidentat TOA, multiplied by the incident irradiance
(theextraterrestrialirradiancemultiplied with the cosineof
the solarzenithangle). An importantfeatureof MYSTIC
is strict energy conservation,that is, for theI3RC cases,the
sumof transmittance,albedo,andabsorptanceequals1 ex-
actly.

MYSTIC hasbeeninterfacedto the freely available li-
bRadtran/uvspecmodel (seee.g. Kylling et al. [1999] and
Mayer et al. [1997]) as well as to the troposphericultra-
violet visible (TUV) model[Madronich and Flocke, 1997].
Theseareusedto setup theopticalpropertiesof theatmo-
sphereandto processtheresultsto providespectra,weighted
doses,or photolysisfrequencies.Standardoutputparame-
tersincludeirradianceandactinicflux at specifiedaltitudes
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(split into their direct, diffuse-up,and diffuse-down com-
ponents),the absorptionfor all grid cells, aswell as radi-
ancesat specifieddirectionsandaltitudes. In additionto a
three-dimensionaldescriptionof theatmosphere,themodel
is capableof handlinginhomogeneoussurfacealbedoand
topography. The surface altitude ��
I���H��� is definedon a
rectangulargrid. In betweenit is interpolatedbi-linearly,��
����H�,�����
� O�� � OZ� �<� O . . Lambertianreflectionoff the
inclinedsurfacesis consideredcorrectly.

It shouldbe emphasizedthat the MYSTIC model does
not useany simplifying assumptions.Photonsare traced
until they either leave TOA or areabsorbedat the surface.
No biasingtechniquesareapplied. The modelaccuracy is
thereforedeterminedonly by the numberof photons. The
standarddeviation of the result is proportional to the in-
versesquareroot of the numberof photonstraced. Com-
parisonsof one-dimensionalgeometriesusing

15�/�
photons

have shown agreementwith the DISORT codeof Stamnes
et al. [1988] within the MYSTIC statisticaluncertaintyof
lessthan0.01%.

Theuncertaintyof theresultcanbeestimateda-priori. By
simplestatistics,it canbe shown that the relative standard
deviation � of theresultis (seee.g.Cahalan et al. [1994])����� � *  � �� * � � (6)

where � * is the numberof photonsstartedat TOA and� � is the numberof photossampled. As an example, if� � ��Y �/�D�/� of the initial � * � 1��/�
photonsweresampled

into theradianceatacertainpointandangle,theuncertainty
of this quantitywill be �Z� �,���/�

. For � ��� � * , therela-
tiveuncertaintyis definedbyPoissonstatistics,�N� 1[�D� � � .It is importantto notethat � � hererefersto the numberof
photonsbeforeabsorption(rememberingthat absorptionis
treatedafterwardsby applying a Lambert-Beerweighting
factor).Thus,evenin wavelengthregionswith high absorp-
tion, like theUV-B (280-315nm), reasonableaccuracy can
bereached.

The Monte Carlo solver is written in ANSI C, opti-
mized for being run on small machines. The calculations
for I3RC, including the Landsatcasewith about1,500,000
individual pixels, have beenperformedon an INTEL Pen-
tium II / 350 MHz with 64 MBytes of memory. The com-
putationalspeedwasabout0.0003secondsper photonfor
the stepcloud case,and0.001secondsper photonfor the
MMCR andLandsatcases.

2. Application in I3RC

The atmospheresfor the stepcloud and MMCR cases
were modelledexactly as defined. For the Landsatcase,
the cloud top altitudeswerere-sampledon a 20 m vertical
grid, resultingin a 1,500,000pixel atmosphere.Dueto this
discretization,a maximumerror of 10 m in the cloud top
altitudeis possible.

Thecomputationaltime for the I3RC calculationsis de-
terminedby theaccuracy limits for theradiancecalculations.

A coneof 5� half openinganglewasusedfor these,requir-
ing about10� photonsto betracedfor eachexperiment.For
theMMCR andtheLandsatcases,10� photonsweretraced,
while for the stepcloud this numberwas increasedto 10

�
photonsto reachevenhigherprecision,seeTable1.

The pixel level errorsare of courselarger becauseless
photonsaresampledon eachindividual pixel. A roughes-
timatefor themeanpixel level error is thenumberprovided
in Table1, multiplied by the squareroot of the numberof
horizontalpixels:

� K Y2�`� ��� for stepcloud,
� � L � ��YD� for

MMCR, and
� 1 � KD� L � 1 Y � for Landsat.

To calculatethe statisticaluncertainties,photonswere
startedin packagesof

1��D�
, and the errorswere calculated

from thestandarddeviationof theindividualpackages.E.g.
themeantransmittance  andthepercentageuncertaintyof
themeantransmittance,��  , werecalculatedas  � ¡¢ £¥¤ b  

£
(7)

��  � 1��D�
�  ¦ 1� � §¨¨©
1� ¡¢ £¥¤ b 
� 

£   "� T (8)

where  £ is anindividualresultfor 10
�

photonsand � is the
numberof 10

�
-photonpackages.Themeanpercentagepixel

level error �� �ª wascalculatedasaverageoverall individual
pixel level errors �� <ªr« ¬ :

��  ªr« ¬ � 15�/�
� <¬ ¦ 1� � §¨¨©
1� ¡¢ £¥¤ b 
I 

£ « ¬    ¬ � T (9)

�� �ª � 1��­ @ ®�?�> ¡�¯!° ±�²�³¢¬ ¤ b �� <ª[« ¬ (10)

where  ¬ is theaveragetransmittancefor pixel ´ and �0­ @ ®�?�>is thenumberof pixels. Only thesepixelsarecountedinto
theaverage,where  ¬ wasnot 0.2

3. Results

Sampleresultsfor two casesareshown in Figures3 and
4. Figure3 shows asan examplethe first case,stepcloud,
experiment1 (solarzenithangle0� , singlescatteringalbedoµ � 1D� �

). The numberof photonstraced,10
�

is large
enoughto producesmoothcurves even for the radiances.
The meanpixel-level error is 0.03%for the transmittance
and0.5%for thenadirreflectivity. Thetransmittancethrough
the centerof the optically thinner part of the cloud (50 m¶ � ¶ 200 m) is larger than 1, indicating a strong net
horizontalflux into this region. As expectedfor overhead
sun,the I602 obliquereflectivity is the mirror imageof the
I601 reflectivity, mirroredat thecenterof thecloudcellsat
x=125m or x=375m.

2Pixelswith ·5¸"¹»º occure.g. for thenadir reflectivity in theLandsat
caseover cloudlessareas.
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Table 1. Numberof photonsusedfor I3RCandtheresultinguncertainties.

Case # of photons errorof themean errorof themean
transmittance[%]

�
nadirreflectivity [%]

�
stepcloud 10

�
0.004 0.07

MMCR 10� 0.007 0.15
Landsat 10� 0.013 0.22�

Thesevaluesare1 standarddeviation,averagedoverall experiments.
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Figure 3. Resultfor thestepcloudcase,experiment1 (solar
zenithangle��� � � , singlescatteringalbedoµ � 1D� �

).
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Figure4 shows a resultfor thesecondcase,MMCR, ex-
periment½ 4 (solarzenithangle60� , singlescatteringalbedoµ � �,� ¼/¼

). Here,thenumberof photonstraced,10� , is suf-
ficient to reachthe specifiedaccuracy limits for the mean
quantities. Due to the higherhorizontalresolutionandthe
smallernumberof photonstraced,however, somenoiseis
introducedinto the radiancedistributions. The meanpixel-
level errorsare0.3% for the transmittanceand4% for the
nadir reflectivity. While albedoandabsorptanceshow pro-
nouncedfeaturescorrelatingto the optical depthdistribu-
tion, the transmittanceis lessstructured,due to ‘radiative
smoothing’. Althoughnot directly requestedby I3RC, it is
interestingto look at theobliquereflectivitiesI601andI602.
Dueto thesolarzenithangleof 60� , thesymmetrybetween
themis broken. The pronouncedforwardscatteringby the
cloud(asymmetryparameterg=0.85)causestheradiancere-
flectedin theforwarddirection(I601) to bemuchhigher(by
afactorof about2.5)thanthebackscatteredradiance(I602).

Figure5 shows a result for the third case,Landsat,ex-
periment3 (solar zenithangle0� , singlescatteringalbedoµ � �,� ¼/¼

). The structuresof the optical depth (top) are
clearlyvisible in thenadirreflectivity (bottom).Thealbedo,
however, showsamuchsmootherdistributiondueto thean-
gular integration. This is mostobvious over the cloudless
areasin thecornersof thefield, wherethenadir reflectance
is of course0 but thealbedois considerable,dueto reflection
off cloudsto the sides.However, to interpretthesefigures,
it hasto beconsideredthat theuncertaintiesarequitehigh,
dueto thelargenumberof horizontalpixels(16384):while
the meanpixel-level uncertaintyof the albedois still only
2.4%,themeanpixel-level uncertaintyof thenadirreflectiv-
ity reaches39%. Althoughthis causesa grainy structurein
thepicture,theoverall distribution is still visible andshows
a high correlationwith the optical depth. To improve this
uncertaintyto e.g. 4%, 100 timesmorephotonswould be
requiredwith the forward model,which would leadto un-
reasonablecomputationaltimeswith thecurrentsetup.

Finally, the 3D resultswerecomparedwith independent
pixel calculationsby theDISORT discreteordinatemodelof
Stamnes et al. [1988]. Thelatterwasoperatedin 16-streams
modewith ¾ -M scaling.A comparisonof thetransmittance
T, albedoR, absorptanceA, andthenadirreflectivity Iu cal-
culatedwith both methodsis shown in Table 2. The best
agreementbetween3D andIPA wasfound for the MMCR
case,wheredeviationsweresmallerthan1% for the trans-
mittance,albedo,andabsorptance.Thedifferencesarecon-
siderablyhigherin thestepcloudcase,wherethe3D trans-
mittanceis lowerby 25%thanits independentpixel approx-
imation in experiment4. The differencesare larger at 60¿
SZA than at overheadsun in both, the stepcloud and the
Landsatcases.

4. Conclusions

Phase1 of I3RC wasa testof monochromaticradiative
transferthroughcloudsin an otherwiseemptyatmosphere.
The well-definedsetupshouldhelp to identify reasonsof
possiblediscrepanciesbetweendifferent models. For the
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Table 2. MYSTIC 3D andDISORT independentpixel (IPA) results.

Case Exp. T (3D)
�

T (IPA) R (3D)
�

R (IPA) A (3D)
�

A (IPA) Iu (3D)
�

Iu (IPA)

stepcloud 1 0.67213 0.65979 0.32787 0.34019 0.00000 0.00002 0.2568 0.3158
stepcloud 2 0.41920 0.50018 0.58080 0.49979 0.00000 0.00003 0.4069 0.3567
stepcloud 3 0.59793 0.57656 0.26111 0.25840 0.14096 0.16504 0.2015 0.2265
stepcloud 4 0.32473 0.43065 0.47666 0.41840 0.19861 0.15095 0.3231 0.2779
MMCR 1 0.43987 0.43932 0.56014 0.56061 0.00000 0.00007 0.5685 0.5596
MMCR 2 0.30202 0.30090 0.69798 0.69904 0.00000 0.00006 0.5633 -
MMCR 3 0.30656 0.30690 0.40245 0.40327 0.29100 0.28983 0.3923 0.3835
MMCR 4 0.20033 0.20032 0.55200 0.55444 0.24767 0.24524 0.4137 -
MMCR 5 0.40376 0.40110 0.75785 0.75928 0.00000 0.00007 0.6399 -
MMCR 6 0.43798 - 0.56202 - 0.00000 - 0.6645 -
MMCR 7 0.29805 - 0.70195 - 0.00000 - 0.5271 -
MMCR 8 0.39916 - 0.76060 - 0.00000 - 0.6020 -
Landsat 1 0.69526 0.67445 0.30474 0.32549 0.00000 0.00006 0.2171 0.2994
Landsat 2 0.48521 0.52844 0.51479 0.47152 0.00000 0.00005 0.3332 -
Landsat 3 0.62770 0.59799 0.24256 0.24856 0.12974 0.15346 0.1709 0.2165
Landsat 4 0.40448 0.46415 0.42446 0.39363 0.17106 0.14222 0.2694 -�

T: transmittance;R: albedo;A: absorptance;Iu: nadirreflectivity.

next phasesit would be interestingto also(1) comparere-
sultsof theintegratedshortwave irradiance;and(2) to adda
backgroundatmospherewith molecularandaerosolscatter-
ing andabsorption.

The uvspecradiative transfermodel usedto drive the
MYSTIC solver is part of the libRadtranpackagewhich is
available from http://www.libradtran.org. The TUV radia-
tivetransfermodelisavailablefrom http://acd.ucar.edu/UV/.
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